Purines are degraded via uric acid to yield allantoin. Under anaerobic conditions, allantoin is further degraded via carbamoylphosphate to NH z 4 to provide a nitrogen source and, under aerobic conditions, to 3-phosphoglycerate via glyoxylate for energy production. In this study, we found that a DNA-binding transcription factor AllR, together with AllS, plays a key role in switching control of two pathways, nitrogen assimilation and energy production. The repressor function of AllR is activated in the presence of allantoin, the common substrate for both pathways, leading to repression of the genes for energy production. On the other hand, when glyoxylate is accumulated, AllR is inactivated for derepression of the pathway for energy production. RutR, the master regulator for pyrimidines and arginine, is also involved in this pathway-switching control.
INTRODUCTION
In Escherichia coli, purines are degraded via uric acid to yield allantoin (Vogels & van der Drift, 1976) . Under anaerobic growth conditions, allantoin is used as a nitrogen source. For nitrogen assimilation, allantoin is first converted to ureidoglycolate by AllB (allantoinase) and AllC (allantoate aminohydrolase) (Vogels & van der Drift, 1976; Chang et al., 1993 ) (see Fig. 8a ). Ureidoglycolate is then integrated into two metabolic pathways. In the first pathway, ureidoglycolate is converted into 3-phosphoglycerate by AllA (ureidoglycolate hydrolase), Gcl (glyoxylate carboligase), GlxR (tartronate semialdehyde reductase) and GlxK (glycerate kinase) for its integration into central energy metabolism. In the second pathway, ureidoglycolate is also converted into oxalurate by AllD (ureidoglycolate dehydrogenase), which is then converted into oxamate and carbamoylphosphate (Cusa et al., 1999) , and then processed to yield 3NH z 4 that is used for the synthesis of amino acids via glutamine (Vogels & van der Drift, 1976; Chang et al., 1993) . Carbamoylphosphate, an intermediate metabolite in this uridoglycolate degradation pathway, is also used for the de novo synthesis of pyrimidines and arginine (Bouvier et al., 1984; Shimada et al., 2007) . These genes are organized in four transcriptional units: allS, allAallR, gcl-hyi-glxR-ybbV-allB-ybbY-glxK and allD-allC-ylbA (Vogels & van der Drift, 1976; Chang et al., 1993; Cusa et al., 1999 ) (see Fig. 8b ). Two different pathways are controlled depending on the availability of nitrogen and carbon sources and the availability of oxygen. The control mechanisms for the expression of a number of genes for these two pathways involved in purine degradation and reutilization are not fully understood.
Two regulators, AllR and AllS, have so far been shown to participate in the regulation of more than 10 genes involved in the complex pathway of allantoin catabolism (Rintoul et al., 2002) . AllS activates the allDC operon that encodes the second pathway enzymes for nitrogen assimilation. In a wild-type strain, allS is expressed under anaerobic conditions (in the absence of oxygen) and is hyperinduced when the nitrogen source limits growth. The expression of allS is, however, independent of the nitrogenassimilation regulators NtrC and Nac (Zimmer et al., 2000; Muse et al., 2003) . On the other hand, the expression of the allA and gcl operons for the first pathway of allantoin catabolism (or the carbon metabolism pathway) is negatively regulated by AllR, also called GclR (Donald et al., 2001) , which is assumed, without experimental evidence, to be constitutively expressed under both aerobic and anaerobic growth conditions. Derepression of the allA and gcl operons takes place in the presence of glyoxylate during both aerobic and anaerobic growth (Rintoul et al., 2002) . This finding indicates that glyoxylate is the inducer of the AllR regulon. Previously, we found that the gcl operon is negatively regulated by RutR, the global regulator of genes for the whole pathway of pyrimidine synthesis and degradation, including the carAB genes for the synthesis of carbamoyl phosphate, a common substrate of pyrimidine and arginine synthesis (Shimada et al., 2007) . Together, these observations indicate the cross-talk between the catabolic pathways of pyrimidines and purines.
At present, however, the whole set of target genes and promoters for AllR and the effectors and regulatory modes of AllR action remain unsolved. In this study, we first searched for the target genes and promoters regulated by AllR by using the newly developed genomic systematic evolution of ligands by exponential enrichment (SELEX) system (Shimada et al., 2005) . Using the target genes or promoters thus identified, we then analysed the possible influence of allantoin and glyoxylate on AllR function. In the case of IclR, the prototype of the AllR-group transcriptional regulators, the activity is controlled by two effectors, glyoxylate and pyruvate (Lorca et al., 2007) . Based on the results described herein, we propose that in the case of AllR, allantoin is the co-repressor and glyoxylate is the inducer. Taking all the observations into account, we also propose a switching control model between the nitrogen-assimilation and energy-production pathways.
METHODS
Bacterial strains. E. coli KP7600 (W3110 lacIq lacZDM15 galK2 galT22) and JW0494 (allR deletion derivative of KP7600, a gift from T. Miki, Fukuoka Dental College) were used for analysis of the regulatory roles of AllR. For expression and purification of AllR, the expression plasmid pAllR was transformed into E. coli BL21(DE3)
For expression of AllR, transformants were grown in LB medium at 37 uC. For the promoter assay, a two-fluorescent protein (TFP) promoter assay vector was transformed into wild-type E. coli KP7600 or the allR-disrupted mutant JW0494 (KP7600 allR). Cells were cultured in Luria-Bertani (LB) medium or M9-0.4 % glucose medium at 37 uC. When necessary, 100 mg ampicillin ml 21 was added to the medium.
Expression and purification of His-tagged AllR protein. For construction of plasmid pAllR for AllR expression, a DNA fragment corresponding to the AllR coding sequence was amplified by PCR using E. coli W3110 genomic DNA as a template and a pair of primers, which were designed to hybridize upstream or downstream of the AllR coding sequence. After digestion with NdeI and NotI, PCR products were cloned into pET21a(+) (Novagen) between the NdeI and NotI sites. The plasmid construct was confirmed by DNA sequencing. For protein expression, pAllR was transformed into E. coli BL21(DE3). Transformants were grown in 200 ml LB medium, and at OD 600 0.6, IPTG was added to a final concentration of 1 mM. After 3 h incubation, cells were harvested by centrifugation, washed with lysis buffer (50 mM Tris-HCl, pH 8.0 at 4 uC, 100 mM NaCl), and then stored at 280 uC until use.
For protein purification, frozen cells were suspended in 3 ml lysis buffer containing 100 mM PMSF. Cells were treated with lysozyme and then subjected to sonication for cell disruption. After centrifugation at 18 000 g for 20 min at 4 uC, the resulting supernatant was mixed with 2 ml 50 % Ni-nitrilotriacetic acid (NTA) agarose solution (Qiagen) and loaded onto a column. After washing with 10 ml lysis buffer, the column was washed with 10 ml washing buffer (50 mM Tris-HCl, pH 8.0 at 4 uC, 100 mM NaCl), and then with 10 ml washing buffer containing 10 mM imidazole. Proteins were eluted with 2 ml elution buffer (lysis buffer plus 200 mM imidazole), and AllR peak fractions were pooled and dialysed against a storage buffer (50 mM Tris-HCl, pH 7.6 at 4 uC, 200 mM KCl, 10 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT, 50 %, v/v, glycerol) , and stored at 280 uC until use. Protein purity was checked by SDS-PAGE.
SELEX search for AllR-binding sequences. The genomic SELEX system was used as described previously (Shimada et al., 2005) . Genomic DNA of E. coli W3110 was sonicated to generate fragments of 150-300 bp in length. The E. coli DNA library was constructed after cloning of these fragments into plasmid pBR322 at the EcoRV site. A collection of 150-300 bp DNA fragments could be regenerated by PCR amplification using the E. coli DNA plasmid library as the template and a set of primers, EcoRV-F (59-CTTGGTTATGCCGG-TACTGC-39) and EcoRV-R (59-GCGATGCTGTCGGAATGGAC-39), which hybridize to the pBR322 vector at EcoRV junctions. PCR products thus generated were purified by 5 % PAGE. For the genomic SELEX screening of AllR-binding sequences, 5 pmol of DNA fragments and 20 pmol His-tagged AllR were mixed in a binding buffer (10 mM Tris-HCl, pH 7.8 at 4 uC, 3 mM magnesium acetate, 150 mM NaCl, 1.25 mg BSA ml
21
) and incubated for 30 min at 37 uC. The mixture was applied to a Ni-NTA column, and after washing unbound DNA with the binding buffer containing 10 mM imidazole, DNA-AllR complexes were eluted with an elution buffer containing 200 mM imidazole. When necessary, this SELEX cycle was repeated several times. For sequencing of AllR-bound DNA fragments, DNA fragments were dissociated and isolated from DNA-AllR complexes by PAGE and PCR-amplified. PCR products were cloned into the pT7 Blue-T vector (Novagen) using the bluntend cloning kit (TaKaRa) and transformed into E. coli DH5a. Sequencing analysis was carried out using the T7 primer (59-TAATACGACTCACTATAGGG-39) with an ABI DNA sequencer 3130x.
Gel mobility shift assay. Gel-shift assays were performed as described previously (Ogasawara et al., 2007a, b) . In brief, probes were generated by PCR amplification of AllR-binding sequences from SELEX using a pair of primers, 59-FITC-labelled T7-F primer (59-TAATACGACTACTATAGGG-39) and T7-R primer (59-GGTTTTCCCAGTCACACGACG-39), the genomic SELEX plasmids containing the respective AllR recognition sequences as templates, and Ex Taq DNA polymerase (TaKaRa). PCR products with FITC at their termini were purified by PAGE. For gel-shift assays, 0.3 pmol each of the FITC-labelled probes was incubated at 37 uC for 30 min with various amounts of AllR in 12 ml gel shift buffer consisting of 10 mM Tris-HCl, pH 7.8 at 4 uC, 150 mM NaCl, 3 mM magnesium acetate. After addition of a DNA dye solution, the mixture was directly subjected to 6 % PAGE. Fluorescently labelled DNA in gels was detected using the Pharos FX plus system (Bio-Rad).
DNase I footprinting assay. The DNase I footprinting assay was carried out using FITC-labelled DNA fragments, as described previously (Ogasawara et al., 2007a, b) . FITC-labelled probes (0.5 pmol each) was incubated at 37 uC for 30 min with various amounts of AllR in DNase I footprinting buffer consisting of 25 ml 10 mM Tris-HCl (pH 7.8), 150 mM NaCl, 3 mM magnesium acetate, 5 mM CaCl 2 and 25 mg BSA ml
. After incubation for 30 min, DNA digestion was initiated by the addition of 5 ng DNase I (TaKaRa). After digestion for 30 s at 25 uC, the reaction was terminated by the addition of 25 ml phenol. Digested products were precipitated with ethanol, dissolved in formamide-dye solution, and analysed by electrophoresis on a 6 % polyacrylamide gel containing 8 M urea.
Measurement of promoter activity. Promoter strength was determined as described previously (Makinoshima et al., 2002; Shimada et al., 2004) . In brief, GFP was expressed under the control of a test promoter while red fluorescent protein (RFP) was under the control of a reference promoter. The promoter assay vector pGRP carries two types of fluorescent protein genes, one for RFP under the control of reference promoter lacUV5 and the other for GFP under the control of a test promoter (Makinoshima et al., 2002; Shimada et al., 2004) . The gcl promoter sequence upstream from the initiation codon was amplified by PCR using the genomic DNA from E. coli KP7600 as a template and a pair of primers, H026S (59-TGGGCAGAGATCTGCCACTGCATGCTTCCGGT-39) and H026T (59-TCATTTTATGCATTTTATTCCTACCCTA-39). These primers contain the recognition sequences for EcoT22I, BglII and BamHI, which can be used for promoter cloning. The PCR products were digested with the respective restriction enzymes and then ligated into pGRP at EcoT22I and BglII sites. The insertion in the promoter assay plasmid thus constructed was confirmed by sequencing, and the plasmid was named pGRPgcl.
For the measurement of the fluorescence intensity of RFP or GFP expressed in E. coli, cells grown in LB medium or M9-0.4 % glucose medium up to OD 600 0.3-0.5 were harvested by centrifugation, resuspended in PBS(2) (10 mM sodium phosphate2120 mM NaCl), and diluted with PBS (2) to obtain approximately the same cell density (OD 600 0.6) for all samples. For the measurement of bulk fluorescence, aliquots of a 0.2 ml cell suspension were added to 0.4 ml flat-bottomed 96-well plates, and the fluorescence was measured with a Wallac 1420 ARVOsx multilabel counter (Perkin-Elmer Life Sciences), in which GFP was measured using 485 nm excitation and 535 nm emission and RFP was measured using 544 nm excitation and 590 nm emission. The fluorescence intensity of GFP from the test promoter was normalized using the equation (X/Y)/(A/B), in which X and Y indicate the fluorescence intensities of GFP (test promoter) and RFP (lacUV5 promoter), respectively, while A and B represent the fluorescence intensities of GFP (lacUV5 promoter) and RFP (lacUV5 promoter), respectively.
Primer extension analysis. For preparation of total RNA for primer extension analysis, overnight cultures were diluted 100-fold in 100 ml LB medium and cells were grown to OD 600 0.6-0.8 (exponential phase). RNA purification was carried out as described previously (Yamamoto et al., 2002) . Primer extension analysis was performed using fluorescently labelled probes according to a published procedure (Yamada et al., 1998) . In brief, 40 mg total RNA and 1 pmol 59-FITC-labelled primer were mixed in 20 ml 10 mM TrisHCl (pH 8.3 at 37 uC), 50 mM KCl, 5 mM MgCl 2 , 1 mM each of dATP, dTTP, dGTP and dCTP, and 20 U RNase inhibitor. The 59-FITC-labelled primer used was 59-GGTGACCTCATCCCCAATCA-TGAGGGTCTC-39. The primer extension reaction was initiated by the addition of 5 U avian myeloblastosis virus reverse transcriptase (TaKaRa). After incubation for 1 h at 50 uC, DNA was extracted with phenol, precipitated with ethanol, and subjected to electrophoresis on a 6 % polyacrylamide sequencing gel containing 8 M urea. Fluorescently labelled DNA in gels was detected using a slab gel DNA sequencer DSQ-500L (Shimadzu).
Northern blotting analysis. Northen blot analysis of allA, allD, csRA and gcl mRNAs was performed essentially as described previously (Shimada et al., 2007) . In brief, total RNAs were prepared by the hot phenol method from both E. coli wild-type KP7600 and an allRdisrupted mutant, separated by agarose gel electrophoresis in the presence of formamide, and transferred to a positively charged nylon membrane (Roche). The DIG-labelled probes were prepared using a PCR DIG Probe Synthesis kit (Roche) with pairs of oligonucleotides: allA-F (59-ATGAAACTTCAGGTATTACCGTTAAGTCA-39) and allA-R (59-TCACGCAAAACAGAGTTCCTGTTCA-39) for the allA probe; allD-F (59-CCCGCTCGCGTAATATGTCTAT-39) and allD-R (59-TTATTGCGCAAAGGGATTTTTCGTTTC-39) for the allD probe; gcl-F (59-CGCTAGGGGTTTGTGCCG-39) and gcl-R (59-TTATTCATAGTGCATGAAGCAGGTTTC-39) for the gcl probe; and csrA-F (59-ATGCTGATTCTGACTCGTCGAGTT-39) and csrA-R (59-TTAGTAACTGGACTGCTGGGATTTT-39) for the csrA probe. For measurement of 16S and 23S rRNA used as reference controls, hybridization was carried out at 50 uC for 16 h in DIG Easy Hyb, as recommended by the supplier (Roche). Hybridized probes on membranes were detected by CDP-Star, Ready-to-Use (Roche).
RESULTS AND DISCUSSION
AllR is a member of the large IclR family of DNA-binding transcriptional regulators and shares 42 % sequence identity with IclR (isocitrate lyase gene regulator), the founding member of this family (N. Fujita and A. Ishihama, unpublished data). The E. coli K-12 genome contains eight members of the IclR family, while a total of about 450 member genes have been identified in bacteria and archaea (Walker et al., 2006) . The crystal structures of the C-terminal effector-binding domain of the AllR regulator and its complex with glyoxylate have been determined at the resolution of 1.7 and 1.8 Å (0.17 and 0.18 nm), respectively (cited in Walker et al., 2006) . The active protomer of AllR is a dimer of dimers. Mutations in the tetramerization region, including the Cys135-Cys142 region, result in dissociation of the AllR tetramer to dimers in vitro and are functionally inactive in vivo.
Isolation of AllR-binding sequences from the E. coli genome by genomic SELEX
For the identification of DNA sequences that are recognized by E. coli AllR, we employed the genomic SELEX method (Shimada et al., 2005) , in which a complete library of E. coli genome DNA fragments is used instead of synthetic oligonucleotides with all possible sequences used in the original SELEX method (Ellington & Szostak, 1990; Tuerk & Gold, 1990; Singer et al., 1997) . First, we constructed the plasmid library, each carrying a sizefractionated DNA fragment (150-300 bp in length) from a pool of sonicated E. coli W3110 genome DNA. In each experiment, the DNA fragment mixture was regenerated after amplification of the inserted DNA fragments by PCR. Into the mixture of PAGE-purified DNA fragments, a fourfold molar excess of the purified His-tagged AllR protein was added, and the AllR-DNA complexes were affinity-purified. In the early stage of this genomic SELEX cycle, the AllR-bound DNA fragments gave smear bands on PAGE, as did the original genome fragment mixture. After two and three SELEX cycles, several discrete bands were identified, indicating that some DNA fragments with high affinity to AllR were enriched. These DNA fragments were recovered from the gel and cloned into pT7 Blue-T plasmid (Novagen) for sequencing.
A total of 163 clones were isolated from 65 regions [87 clones from 12 spacer regions (group A) and 76 clones from 53 different coding regions (group B)] of the E. coli genome (Table 1; and Supplementary Table S1 ). Table 1 includes the list of clones that were isolated at least twice from single loci. Since most regulatory proteins that affect transcription initiation generally bind upstream of their respective target genes or near their promoters, the regulation targets of group A binding sites are likely to be gcl, lepA, rhsB, murI and two divergently transcribed sets, allR and/or allS, and omcC and/or yojN. The most abundant 48 clones carried sequences from a spacer region that is located downstream of allR and upstream of gcl. In this case, AllR was considered to control the gcl promoter on the basis of gene orientation. Twenty-four clones carried sequences from a spacer region between allS and allA. The binding of AllR to the intergenic region of the divergently transcribed allS and allA operons indicates either autogenous regulation of allR itself or regulation of allS, which encodes another regulator that controls the second pathway for carbamoylphosphate synthesis. The products of the other candidate genes (LepA, RhsB, OmpC and MurI) possibly under the control of AllR are all membrane proteins, supposedly involved in transport and/ or stress responses. In some known cases of transcription regulation in E. coli, transcription factors bind within ORFs of the upstream genes. Thus, AllR may also control group B genes such as hpt (hypoxanthine phosphoribosyltransferase) and ugpQ (glycerophosphodiester phosphodiesterase).
Confirmation of AllR binding to SELEX fragments and search for effectors affecting AllR activity
To confirm the binding activity of AllR to the SELEX DNA fragments, we first examined two abundant SELEX fragments, allR-gcl and allS-allA spacer sequences, for their binding activity towards purified AllR protein. As shown in Fig. 1(a, b) , both SELEX DNA fragments formed AllR complexes in a protein-dose-dependent manner. In order to identify the effectors affecting AllR function, we examined the influence of allantoin, glyoxylate and related compounds on the binding of AllR to the target sequences [both allantoin and glyoxylate are the metabolites in the pathway of allantoin degradation (see Fig. 8a) ].
In the presence of 60 mM allantoin, AllR-DNA interaction was enhanced for both SELEX fragment probes (Fig. 1a, b , compare lanes 1-4 with lanes 5-8). This finding indicates that the hitherto undescribed effector allantoin is a corepressor for enhancing the binding of the AllR repressor to its targets. On the other hand, when 40 mM glyoxylate was added in the simultaneous presence of allantoin, the level of AllR-probe complexes markedly decreased (Fig. 1c,  d ), confirming the notion that glyoxylate is an inducer for derepression of AllR action (Rintoul et al., 2002) . Altering the residues Cys217, Ser234 and Ser236 is known to change AllR to a glyoxylate-independent repressive form (Walker et al., 2006) . Structurally related compounds such as glyconate or D-lactate did not affect the DNA-binding activity of AllR (data not shown).
Genomic SELEX screening in the presence of corepressor allantoin
The initial genomic SELEX was performed using the purified AllR protein alone in the absence of effectors affecting AllR function. Since allantoin was identified as a co-repressor of AllR, we repeated the genomic SELEX in the continuous presence of 90 mM allantoin. A total of 86 independent clones could be classified into two groups, 43 group A clones from 18 spacer regions and 43 group B clones from 35 coding sequences (Table 2, Supplementary  Table S2 ). Again the allR-gcl and allS-allA spacer sequences were the most abundant in group A, both being isolated even in the absence of allantoin (see Table 1 ). In addition, several candidate novel targets were identified including artP, frdB, hisM, leuO (or leuL), yahB and ygdH (Table 2) . Since the second genomic SELEX was performed in the presence of the co-repressor allantoin, the sequences isolated may be more specific than those isolated in the initial genomic SELEX.
Examination of AllR binding to novel SELEX fragments by gel mobility shift
For confirmation of AllR binding to the sequences identified in the second genomic SELEX screening, we performed the gel mobility shift assay. Fig. 2 shows the gel pattern for five representative DNA sequences, leuL-leuO, yqcD-ygdH and csrA-alaS from group A, and deoD-[yjjJ]-lplA and ycsF-[mfd]-ycfT from group B (see Table 2 ). All these SELEX fragments formed complexes with AllR ( Fig.  2) , even though the minimum concentrations of AllR needed to form these DNA complexes were lower than those required to form allS-allA and allR-gcl complexes (compare Figs 1 and 2; note that the experiments in Figs 1 and 2 were performed in parallel), indicating the higher affinity of the allS-allA and allR-gcl fragments for AllR than that of the other five probes. This finding also supports the prediction that a good correlation exists between the number of SELEX DNA sequences isolated and their affinities to the test DNA-binding protein (Ogasawara et al., 2007a, b; Shimada et al., 2005 Shimada et al., , 2007 .
Identification of AllR-binding sites within the target promoters
To identify the DNA recognition sequence of AllR, we next carried out a DNase I footprinting assay for two group A probes, allS-allA and allR-gcl. After forming complexes in the presence of a fixed amount of the respective fluorescently labelled DNA probes and increasing amounts of AllR, DNase I treatment was carried out for a short period, and the partially digested DNA products were analysed by PAGE. For both probes examined, clear protection by AllR was found in the presence of high concentrations of AllR apparently at a single region (Fig.   3a, b) . For the allS-allA spacer region, AllR protected a 29 bp sequence between 218 and 246 of the allS promoter from DNase I digestion (Fig. 3a) . This protected segment includes the proposed 17 bp AllR-binding palindromic sequence, TTGGAAAAATTTTCCAA (boxed in Fig. 3a) , hereafter designated the AllR box. The AllR box completely overlaps the allS promoter 235, in good agreement with the negative regulation of allS transcription by AllR (Rintoul et al., 2002) . The location of this AllR box, however, corresponds to the 17 bp sequence between positions 245 and 261 from the transcription initiation site (or between 2107 and 2123 from the initiation codon) of the divergently transcribed allA gene (Fig. 3a) . allA gene transcription is also negatively regulated by AllR, even though AllR binds upstream of the allA promoter 235. Since only a single AllR-binding site was identified in the allS-allA spacer region, we concluded that a single, identical AllR molecule represses transcription from both allA and allS promoters, together directing divergent transcription. On the basis of AllR binding relative to the allA promoter, the mode of allR repression may be due to prevention of the promoter escape of RNA polymerase because of the tight association of AllR with RNA polymerase a subunit CTD. Transcription repression by an upstreambound transcription factor has been reported in some cases (for example, see Yamamoto & Ishihama, 2003) . The allS repression by the upstream-bound AllR may also take place through steric occlusion by the allA promoter complex, preventing aCTD binding to the allS promoter, or interference by negative supercoiling created by allA transcription.
In the case of the allR-gcl spacer region, AllR was found to protect a 24 bp sequence between positions 217 and 241 upstream of the gcl initiation codon, including the 17 bp conserved AllR box sequence between 221 and 237 (Fig. 3b) . Although the transcription initiation site has not been identified for gcl, this AllR box must be located downstream from the gcl promoter, leading to tight repression of gcl operon transcription by AllR. In the presence of the inducer glyoxylate, the gcl operon might be derepressed to produce the enzymes for utilization of glyoxylate as an energy source.
Induction in vivo of the gcl promoter by glyoxylate
In vitro gel shift and DNase I footprinting assays indicated that the AllR binding to both allS-allR and gcl promoters is reduced in the presence of glyoxylate. To confirm the induction in vivo of the gcl promoter by glyoxylate, we employed the TFP promoter assay vector pGRH026, in which the expression of GFP is under the control of the gcl promoter while RFP expression is directed by the reference promoter lacUV5 (see Methods). In the continuous presence of 40 mM glyoxylate a significant level of GFP expression was detected (Fig. 4a) .
We next carried out a time-course experiment for analysis of the induction kinetics of gcl expression by glyoxylate. Wildtype E. coli KP7600 was grown in M9-04 % glucose medium, and at the cell density (OD 600 ) of 0.3-0.5, glyoxylate was added to a final concentration of 40 mM. Induction of gcl expression was detected within 30 min and the GFP level reached a level higher than twofold at 2 h after glyoxylate addition (Fig. 4b) .
Roles of glyoxylate and allantoin in transcription in vivo of the AllR regulon genes
Detailed and direct analysis of mRNA of the AllR regulon genes was then performed by Northern blot analysis. Fig. 4 . Effect of glyoxylate on gcl promoter activity in vivo. The gcl promoter fragment was inserted into the TFP promoter assay vector, and the resulting promoter plasmid was transformed into KP7600 wild-type and its allR-disrupted mutant JW0494 strains. The promoter activity was determined from the GFP : RFP ratio. (a) Overnight cultures were transferred into fresh LB medium containing 0, 1.0, 2.0, 2.5, 5.0 and 10 mM glyoxylate, as indicated. The GFP level was measured at 3, 4.5 and 6 h after transfer to the fresh medium.
(b) Overnight cultures were transferred to fresh M9 medium. In mid-exponential phase (3 h), 40 mM glyoxylate was added and the GFP level was measured at 0, 0.5, 1, 1.5 and 3.5 h after glyoxylate addition.
mRNA levels of allA and gcl, each being the first gene of their respective operons (see Fig. 8b ), increased markedly after addition of the inducer glyoxylate to wild-type E. coli K7600 (Fig. 5a, lanes 1 and 2) . Although the allD promoter is not under the direct control of AllR, a significant increase was observed for allD mRNA resulting from derepression of the gene encoding AllS, the activator of the allD operon. In good agreement with this finding, these Fig. 5 . Effect of glyoxylate and allantoin on the level of allA, allD, gcl and csrA mRNAs. Wildtype E. coli KP7600 and its allR-disrupted mutant JW0494 were grown in LB medium at 37 6C, and at OD 600 0.4, either glyoxylate or allantoin was added at the final concentrations of 10 and 60 mM, respectively. After 30 min culture, total RNAs were prepared by the hot phenol method and subjected to Northern blot analysis, as described in Methods, using specific probes for detection of allA, allD, gcl, csrA, 16S rRNA and 23S rRNA. Fig. 6 . Primer extension analysis of csrA mRNA. E. coli wild-type KP7600 (W) and allR-disrupted mutant JW0494 (M) were grown in LB medium. In mid-exponential phase, each culture was divided into two. Into one aliquot (indicated by +), glyoxylate was added at the final concentration of 10 mM, and after an additional 30 min culture, total RNAs were prepared by the hot phenol method and subjected to primer extension assays as described in Methods. At least two sites of transcription initiation were identified, at "388 (P1) and "180 (P2) upstream from the ATG initiation codon. The AllR box is located between "273 and "288 from the transcription initiation site. Even though the resolution between samples with and without glyoxylate is not good in this panel, no significant influence of glyoxylate addition was observed after repeated experiments.
mRNAs were detected in the allR-disrupted mutants even in the absence of glyoxylate, and the mRNA levels did not further increase after glyoxylate addition (Fig. 5a , lanes 3 and 4).
In the AllR-DNA complex formation assay in vitro, allantoin was identified as the co-repressor of AllR (see Fig. 1 ). We then analysed possible influences of allantoin on transcription in vivo of the target genes. Under the culture conditions employed, however, detectable levels of mRNA were not identified in the wild-type E. coli even in the absence of allantoin (Fig. 5b, lanes 1 and 2) . In the allR mutant, the level of gcl mRNA was high, irrespective of the presence or absence of allantoin (Fig. 5b, lanes 3 and 4) . The level of allD mRNA, however, significantly increased in the presence of allantoin, presumably due to the increase in the level of functional AllS (compare Fig. 5b, lanes 3 and 4) .
Novel targets of transcription regulation by AllR
CsrA, an RNA-binding protein, is a pleiotropic global regulator of carbon source metabolism, affecting glycogen biosynthesis, gluconeogenesis, cell size and surface properties, and motility and flagellum biosynthesis (Liu et al., 1995; Dubey et al., 2003) . In this study, we have identified the csrA promoter as one of the novel candidate promoters under the control of AllR. To identify the transcription initiation site in the csrA promoter, we carried out a primer extension assay. Both wild-type KP700 and allR mutant JW0494 were grown in LB to mid-exponential phase, then 10 mM glyoxylate was added for 30 min to half of each culture. At least two bands of csrA transcript were identified at 388 (P1) and 180 (P2) bp upstream from the translation initiation codon in both wild-type and allR mutant (Fig. 6) . The AllR box-like sequence was located between 2273 and 2288 bp from the initiation codon, or downstream of the P1 and upstream of the P2 promoter, respectively. Neither allR disruption nor glyoxylate addition had a significant influence on the levels of csrR transcripts. This finding indicates that although AllR binds upstream of the csrA promoter, it does not affect transcription of the csrA gene.
We also performed Northern blot analysis of csrA RNA.
The csrA gene appears to be highly expressed in both wildtype and allR-mutant E. coli under the culture conditions employed (see Fig. 5 ). No significant change was observed, however, for the level of csrA mRNA after the addition of glyoxylate or allantoin, in agreement with the primer extension analysis (see Fig. 6 ). Thus, the role of AllR binding to the csrA promoter region remains undetermined.
Determination of the intracellular concentration of AllR
Although AllR has been believed to be constitutively expressed, this notion has never been experimentally tested. We therefore determined the intracellular concentration of AllR in wild-type E. coli cell culture grown in LB under various growth conditions. For quantitative measurement, a standard curve of AllR protein was prepared using a mixture of purified AllR and a whole-cell extract of the allR-disrupted mutant. By using this quantitative immunoblot analysis (for details see Methods), the concentration of AllR protein in cells at various growth phases grown between 22 and 42 u C was determined (Fig. 7) . The AllR level stayed relatively constant at the level of approximately 500 molecules per cell as compared with the level of RNA polymerase a subunit. From this experiment, we propose that the level of functional AllR is controlled by regulating its activity through interaction with two effectors, allantoin and glyoxylate.
Control of AllR activity by two effectors
Here, we identified that at least two effectors, allantoin and glyoxylate, are involved in the control of AllR activity. The gcl operon for the glyoxylate pathway (Fig. 8a) is repressed by the AllR-allantoin complex under anaerobic conditions or in the absence of oxygen. In the presence of oxygen, glyoxylate plays a role in derepression of the gcl operon for production of the enzymes involved in the glyoxylate pathway (Fig. 8b) . The data described herewith support the model whereby AllR controls the allS gene which encodes another regulator of the allantoin regulon (Fig. 8b) . The allS operon is under the control of the repressor AllR, but once AllR is inactivated by glyoxylate, AllS is produced, which in turn activates the allDC operon for further enhancement of the initial stage of allantoin degradation for generation of carbamoyl phosphate and NH z 4 for nitrogen assimilation (see Fig. 8a, b) . Thus, the accumulation of glyoxylate, an intermediate product of the glyoxylate pathway of allantoin degradation, may induce switching to the alternative pathway for utilization of allantoin as a nitrogen source. In this regard, it is noteworthy that IclR, another member of the same regulator family, is also contolled by two antagonistic effectors (Lorca et al., 2007) .
Interplay between purine and pyrimidine degradation
RutR plays a key role in global regulation of the set of genes for synthesis of pyrimidine and arginine and degradation of both pyrimidines and purines (Shimada et al., 2007) . By genomic SELEX screening of the RutR-binding sequences in the E. coli genome, we identified the RutR box within the gcl operon, which possibly affects its expression. The affinity of RutR decreases in the presence of pyrimidines, uracil or thymine (Shimada et al., 2007) , while that of AllR increases in the presence of allantoin (Fig. 8) . Thus, one interpretation is that the increase in pyrimidine pools A. Hasegawa and others activates the gcl operon for enhancement of allantoin degradation while the increase in the allantoin pool represses the gcl operon, thereby switching the catabolic pathway of allantoin to nitrogen assimilation. Taking these results together, we propose that the degradation of purines and pyrimidines is interrelated using the global regulators, AllR and RutR.
Conclusions
AllR is a global regulator of the genes for degradation of purines, downstream from allantoin, to yield glyoxylate for energy production or to yield an end product, NH z 4 , via carbamoylphosphate (the substrate for de novo synthesis of pyrimidines) for nitrogen reutilization. In this study, we identified a set of the regulation targets of AllR using genomic SELEX. RutR, the global regulator of pyrimidine degradation, was also suggested to control the genes of the purine degradation pathway. Together, these observations indicate a cross-talk in regulation between the genes for degradation of purines and pyrimidines and between the genes for nitrogen and carbon metabolism. Here, we determined, for the first time to our knowledge, the intracellular concentration of AllR and found that the AllR level stays constant during growth-phase transition from exponential to stationary phase and at different temperatures between 22 and 42 u C. Glyoxylate is known to be an inducer of AllR, but in addition we showed that allantoin functions as a co-repressor of AllR. Taking these findings together, we conclude that the level of functional AllR is controlled by regulating its activity through interaction with two effectors, the inducer glyoxylate and the corepressor allantoin.
